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§Department of Bioengineering, University of Texas at Dallas, Richardson, TexasABSTRACT The study of intracellular transport pathways at epithelial cell barriers that line diverse tissue sites is fundamental
to understanding tissue homeostasis. A major impediment to investigating such processes at the subcellular level has been the
lack of imaging approaches that support fast three-dimensional (3D) tracking of cellular dynamics in thick cellular specimens.
Here, we report significant advances in multifocal plane microscopy and demonstrate 3D single molecule tracking of rapid
protein dynamics in a 10 micron thick live epithelial cell monolayer. We have investigated the transferrin receptor (TfR) pathway,
which is not only essential for iron delivery but is also of importance for targeted drug delivery across cellular barriers at specific
body sites, such as the brain that is impermeable to blood-borne substances. Using multifocal plane microscopy, we have
discovered a cellular process of intercellular transfer involving rapid exchange of Tf molecules between two adjacent cells in
the monolayer. Furthermore, 3D tracking of Tf molecules at the lateral plasma membrane has led to the identification of different
modes of endocytosis and exocytosis, which exhibit distinct temporal and intracellular spatial trajectories. These results reveal
the complexity of the 3D trafficking pathways in epithelial cell barriers. The methods and approaches reported here can enable
the study of fast 3D cellular dynamics in other cell systems and models, and underscore the importance of developing advanced
imaging technologies to study such processes.INTRODUCTIONProtein transport within and across cells is an essential pro-
cess for maintaining normal cellular function. The study
of intracellular trafficking pathways is of fundamental
importance to understanding the molecular basis of multiple
diseases that are caused by defects in these processes (1,2).
Consequently, understanding complex intracellular traf-
ficking processes is a common theme in many areas of
biomedical research. Examples include analyses of the en-
dosomal recycling and secretory pathways, and the study
of protein transport across cellular barriers such as epithelial
cell monolayers (3,4).
The analysis of three-dimensional (3D) intracellular traf-
ficking pathways merits the use of single-molecule imaging
techniques. This approach enables the study of individual
transport pathways, which suffer from averaging when
imaged through conventional 3D microscopy techniques
(5–7). However, 3D single molecule tracking poses several
challenges, especially in thick cell samples such as a cell
monolayer that is ~10 mm thick (8). Specifically, we require
a methodology that not only supports reliable 3D tracking of
fast moving single molecules across significant depths, but
also enables the imaging of the cellular environment with
which the single molecules interact. Current approaches to
3D single molecule tracking (9–12) are not well suited for
studying the trafficking pathways in a cell monolayer,
because they have restricted imaging depth, poor temporalSubmitted May 22, 2012, and accepted for publication August 10, 2012.
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0006-3495/12/10/1594/10 $2.00resolution, and the ability to track only a few molecules at
one time.
Here, we demonstrate that multifocal plane microscopy
(MUM), a multiplane 3D imaging modality developed in
our laboratory (13–15), overcomes these limitations and
enables 3D single molecule tracking in thick cellular
samples. Specifically, MUM not only supports rapid 3D
tracking of several molecules at the same time across a depth
of 10 mm, but it also allows multicolor imaging. This has
enabled us to carry out 3D single molecule tracking in addi-
tion to the 3D imaging of the cellular environment (lateral
plasma membrane) with which the molecules interact.
To exemplify the capabilities of the new methodology, we
have mapped the 3D trafficking pathways of the transferrin
receptor (TfR) using quantum dot-labeled single Tf mole-
cules (Tf-QD molecules) in an in vitro model of the blood
cerebrospinal fluid barrier (BCSFB) comprising an epithe-
lial cell monolayer. The BCSFB regulates protein/solute
transport between the blood and the cerebrospinal fluid,
which bathes the brain and the spinal cord (16). The TfR
plays a central role in iron homeostasis in the body by medi-
ating the binding and uptake of iron transporters such as Tf
(17) and ferritin H-chain (18). Therapeutically, the TfR
pathway is extensively targeted for the delivery of drugs,
genes, and macromolecules to the brain (19,20), and is of
relevance to understanding the beneficial effects of iron
clearance seen in animal models of brain disorders such as
multiple sclerosis (21,22).
The use of MUM has led to an unexpected finding of a
cellular process, intercellular transfer, which involves cargo
exchange between two adjacent cells in the monolayer.http://dx.doi.org/10.1016/j.bpj.2012.08.054
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cules can traverse significant depths (~2–6 mm) across the
monolayer. We also present a detailed characterization of
Tf endocytosis and exocytosis at the lateral plasma mem-
brane, which has been notoriously difficult to image due
to several technical limitations. Our results reveal two
modes (termed sliding and orthogonal) of endocytosis and
exocytosis, which are characterized by their distinct intra-
cellular trafficking itineraries.
The observations made in this study would not have been
possible without the 3D single-molecule detection and
the multiplane imaging capabilities of MUM at extended
depths, which are essential for the unambiguous identifica-
tion and tracking of these rapid 3D trafficking events. Thus,
the present results not only provide insights into the intracel-
lular trafficking pathways that occur in epithelial cell mono-
layers, but also highlight the importance of 3D imaging
technologies that can capture complex and rapid single-
molecule dynamics.MATERIALS AND METHODS
Regents and antibodies
Biotinylated holo-transferrin, unlabeled holo-transferrin, Apolipoprotein
A-I, rat tail collagen-I, and laminin were purchased from Sigma (St.
Louis, MO). Paraformaldehyde was purchased from Electron Microscopy
Sciences (Hatfield, PA). Mouse anti-ZO-1 antibody (#33-9100; 1:150 dilu-
tion), mouse anti-occludin antibody (#33-1500; 1:75 dilution), Qdot655
streptavidin conjugate, Alexa Fluor-labeled proteins (cholera toxin B and
holo-Tf), and all secondary antibody conjugates (1:750-fold dilution)
were purchased from Invitrogen (Carlsbad, CA). Clathrin heavy chain
antibody (#AB2731; 1:1000 dilution) was purchased from Abcam (Cam-
bridge, MA).Cell culture
The rodent choroid plexus epithelial cell line Z310 (23) was generously
provided by Dr. Wei Zheng (Purdue University, West Lafayette, IN) and
was maintained as described previously (23). For imaging studies,
phenol-red free DMEM was used and the glass coverslips were coated
with either rat tail collagen I or laminin.Transcytosis assay
Z310 cells were plated on Costar filter inserts (Corning, Corning, NY) and
cultured as described previously (23). The inserts were prepulsed with
10 mM holo-Tf or medium only at the input side and incubated at 37C
for 45 min. Biotinylated Tf (bTf) was then added to the input side such
that the final concentration of bTf was 0.1 mM and the filters were incubated
at 37C for 90 min. At the end of 90 min, the amount of Tf in the medium at
the output side was assessed using ELISA.Reverse transcriptase-polymerase chain reaction
(RT-PCR)
Total RNAwas isolated from Z310 cells using RNA-Bee (Tel-test) and stan-
dard methods. Purified RNA was reverse transcribed with AMV reverse
transcriptase (Promega, Madison, WI) and oligo-dT primers. The variousforward and reverse primers used for cDNA synthesis are as follows: rTfRI
forward 50-AGCAGAGGTGGCCGGTCAGTTCAT-30, rTfRI reverse 50-
AAACTCATTGTCAATATTCCAAATGTC-30; rMegalin forward 50-AGG
TCGGGGGCTGATGTGAACATGGAC-300, rMegalin reverse 50-TACGT
CGGAATCTTCTTTAACGAGATT-30; rCubilin forward-50-GGCCGTG
TTTGATGGCCCGA-30; rCubilin reverse 50-CCTGGGGCCACGCGAA
TGTT-30; rb2m forward 50-ATGGCTCGCTCGGTGACCGTGATCTTT-
30, rb2m reverse 50- TTACATGTCTCGGTCCCAGGTGACGGT-30. PCRs
were run for 30 cycles under standard conditions and the PCR products
were analyzed on 1% agarose gels.Tf uptake and recycling experiments
Z310 cells were grown either sparsely or to full confluence in 24-well
plates. The cells were pulsed with fluorescently labeled holo-transferrin
(0.1 mM) for 30 min and chased for different time points in the presence
of unlabeled holo-Tf. In some wells, before the Tf pulse the cells were incu-
bated with either unlabeled holo-Tf (1 mM) or Apolipoprotein A-I (1 mM)
for 30 min. At the end of the indicated chase time periods, the cells were
washed twice with ice-cold phosphate buffered saline (PBS) containing
0.1% sodium azide. Cells were then removed from the wells by trypsini-
zation, washed with medium followed by ice-cold PBS, and analyzed by
flow cytometry using LSRII or FACScalibur (Becton Dickinson, Franklin
Lakes, NJ).
An analogous protocol was used for the Tf-QD recycling experiments.
Z310 cells were grown on glass coverslips and were surface labeled on
ice with either Tf-QD as described below (see Sample preparation section)
or with Tf-Alexa 488 (0.1 mM) for 10 min. The cells were washed with
ice-cold PBS and then incubated with prewarmed medium for the indi-
cated times to allow for internalization and recycling of Tf. The cells
were then harvested and analyzed by flow cytometry using LSRII (Becton
Dickinson).Immunofluorescence microscopy
Z310 cells were grown to confluence on glass coverslips and fixed with
1.7% paraformaldehyde and permeablized with 0.02% saponin, each for
10 min at room temperature. The cells were preblocked with 4% bovine
serum albumin, stained with primary antibodies, blocked with goat serum,
and finally counter-stained with secondary antibody conjugates. Each incu-
bation step was for 25 min at room temperature. The cells were imaged
using a Zeiss Axiovert 200M widefield epifluorescence microscope with
filter sets (Chroma Technologies, Battlebro, VT) that are specific for
eGFP/Alexa488 (filter set #41017) and Alexa555 (filter set #41002b).Z-stack imaging
A z-stack experiment was carried out with QDs adsorbed on a glass cover-
slip to evaluate the 4-plane MUM setup. The objective was moved in steps
of 0.5 microns using a piezo nanopositioner (PI-USA, Auburn, MA) and at
each piezo position 20 images of the QD sample were simultaneously
acquired in the four distinct focal planes.Sample preparation
Z310 cells were plated on #1.5 high performance Zeiss coverslips that were
coated with either rat tail-collagen I or laminin. The cells were grown to
confluence in phenol-red free DMEM containing 4% FCS. Before imaging,
the medium was changed to phenol-red free DMEM containing no serum.
The cells were cooled on ice, pulsed with medium containing 0.5 mg/ml
cholera toxin B Alexa488 conjugate and 1.25–2.5 nM biotinylated human
holo-Tf for 10 min on ice, washed in ice-cold serum free DMEM and
then pulsed with 0.25–0.5 nM QD655 streptavidin conjugate (dialyzedBiophysical Journal 103(7) 1594–1603
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cold serum free DMEM, prewarmed serum free DMEM was then added,
and MUM imaging was immediately started. During imaging, the cell
sample was maintained at 37C by using an objective warmer (Bioptechs,
Butler, PA) and a dish warmer (stable-z system; Bioptechs). Each dish
was imaged for 20 min.Multifocal plane microscopy
Imaging experiments were carried out on a Zeiss Axiovert 200 microscope
setup that was configured to simultaneously image four distinct focal planes
(13–15). This was achieved by placing the cameras at specific, calibrated
distances from the tube lens. The exposure time was set to 75 msec and
the images were acquired at a frame rate of 10 frames/s. Acquired data
were processed and analyzed using the software package MIATool (24)
as described previously (13,15). The events were manually identified and
independently verified by two different observers.
Two different MUM imaging configurations were used to acquire the
data (Fig. 1 A). In the first configuration, the images were acquired with
a 63 1.4 NA Zeiss Plan apochromat objective lens and the light from
the cell sample was split among four identical charge-coupled device
cameras (iXon DU897-BV; Andor Technologies, South Windsor, CT). In
this configuration, the spacing d12, d23, and d34 (see Fig. 1 A) between
the focal planes is 1.3, 1.6, and 1.55 microns, respectively. In the second
configuration, the images were acquired with a 40 1.4 NA Zeiss plan
apochromat objective lens. The collected light was split among two
OCRA-ER cameras (Hamamatsu, Bridgewater, NJ) and two Andor camerastive of three independent experiments. (D) Results of a pulse-chase experiment
(Tf-Alexa488) molecules. The figure shows that the extent of Tf retained in ce
similar. The results are representative of three independent experiments.
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Biophysical Journal 103(7) 1594–1603(iXon DU897-DV). The spacing d12, d23, and d34 between the focal planes
are 2.18, 2.4, and 2 microns, respectively.
In both configurations, the bottom plane (i.e., the plane corresponding to
cam 1 in Fig. 1 A) was positioned ~2–2.5 microns above the coverslip. The
QDs were excited by a 635 nm diode laser (OptoEngine LLC, Midvale, UT)
and the Alexa Fluor 488 was excited by either a 488 nm Ar ion multiline
laser (Laser Physics, Salt Lake City, UT) or by a 488 nm diode laser
(Blue Sky Research, Milpitas, CA). The QD signal was continuously
captured in a time-lapse manner in all four cameras. The Alexa Fluor
488 signal was captured once every 25 or 50 frames. To minimize photo-
bleaching and phototoxicity, the 488 nm laser line was turned off while
imaging the QDs. Similarly, the 635 nm laser line was turned off while
imaging Alexa Fluor 488. Laser illumination to the sample was controlled
through external shutters that were placed in front of each laser unit. The
synchronization of the different shutters and cameras, and image capture
were controlled using custom written software in the C programming
language.MUMLA
Previously, we developed the MUM localization algorithm (MUMLA) for
3D single molecule tracking with a two plane MUM setup (15). Here, we
extend MUMLA to support 3D single molecule tracking in a four plane
MUM setup. We first select a pair of focal plane images that contains the
brightest signal from the QD. A small region of interest containing the
QD image is then selected from these images and is fit to a pair of 3D point
spread function profiles given byFIGURE 1 Tf uptake and recycling in Z310
cells. (A) The schematic shows the principle and
layout of MUM. The sample is illuminated by
either the 488 nm laser line or the 635 nm laser
line by reflecting light off a dichroic mirror. The
fluorescence signal from the sample is passed
through a dual emission filter and then split equally
into four light paths using 50:50 beam splitters. In
each light path, the fluorescence signal is focused
onto an imaging detector positioned at a specific
calibrated distance from the tube lens. This allows
for the simultaneous imaging of multiple focal
planes, which in turn facilitates fast 3D visualiza-
tion and 3D tracking of cellular events in live-cells.
(B) TfR-dependent Tf recycling: The panel shows
the background adjusted mean fluorescence inten-
sity of Z310 cells pulsed with 0.1 mM fluorescently
labeled Tf and pretreated with or without Holo Tf
(1 mM) or Apo AI (1 mM) and chased for different
times. The results are representative of three
independent experiments. (C) Effect of Z310 cell
confluence on Tf recycling. The panel shows the
fraction of Tf retained as a function of the chase
time in Z310 cells that were either sparsely distrib-
uted or were confluent. The results are representa-
carried out in Z310 cells with Tf-QD molecules and Alexa488-labeled Tf
lls at the end of two different chase times for Tf-QD and Tf-Alexa488 are
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Intercellular Tf Transfer 1597where q¼ z0 denotes the z-location of the QD, (x01,y01) and (x02,y02) denote
the center of the QD image in the two regions of interest (ROIs), Ck and Cl
denote the kth and lth pixel in the 1st and 2nd ROIs, respectively, k,l ¼
1,.,N, where N denotes the total number of pixels in the ROI, a ¼ 2 p
na/l, na denotes the numerical aperture of the objective lens, l denotes
the wavelength of the detected photons, M1 and M2 denote the magnifica-
tion at the two focal planes, A denotes the photon detection rate, t denotes
the exposure time, c is a constant that is set to 1, dzf denotes the spacing
between the two focal planes, and W denotes the phase aberration term.
Here, we set the phase aberration term to be
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where noil and toil denote the refractive index and thickness of the immer-
sion oil, respectively, ng and tg denote the refractive index and thickness
of the glass coverslip, respectively, ns denotes the refractive index of the
sample, zf denotes the camera spacing in the image space, and variables
with d in their subscript denote the design values. We note that the above
phase aberration term corresponds to the Gibson-Lanni model (25) of the
3D point spread function profile.
In some data sets due to a weak signal in one or more planes, MUMLA
was carried out on a summed image pair (Sk, Dk), where for a given time
point tk, Sk (and similarly Dk) is created by adding images acquired
at time points k-2, k-1, k, and k þ 1 for that particular focal plane. The
curve fitting was carried out using the maximum likelihood estimation algo-
rithm as described previously (15). All computations were carried out in
MATLAB (The MathWorks, Natick, MA) programming language. For
display purposes, the 3D trajectory is color-coded to indicate time and is
overlaid with the cell boundaries that are imaged at the four focal planes.
The cell boundaries are generated by manually segmenting the plasma
membrane images in the different focal planes that are captured at the start
of the event of interest.RESULTS
In vitro model of the BCSFB
The primary focus of this study is to investigate the 3D intra-
cellular TfR pathways at the single-molecule level in an
epithelial cell monolayer. For this purpose, we have estab-
lished an in vitro model of the BCSFB by using the choroidplexus epithelial cell line Z310 (23). When grown to conflu-
ence on glass coverslips, Z310 cells exhibit a polarized
phenotype with appropriate localization of the tight junction
proteins ZO-1 and Occludin (Fig. S1 A in the Supporting
Material). Z310 cells are known to express the TfR (26).
The expression of cubulin, which has been shown in some
epithelial cells to lead to the lysosomal degradation of Tf
(27), was also assessed. The uptake and recycling of fluores-
cently labeled Tf (Tf-Alexa488) was specifically inhibited
by excess unlabeled Tf, but not by the cubulin ligand, Apoli-
poprotein A-I, which inhibits cubilin-mediated Tf uptake
(27) (Fig. 1 B). RT-PCR experiments also demonstrated
that Z310 cells have transcripts for TfR but not for cubilin
(Fig. S1 B). These results indicate that TfR is the primary
receptor for Tf in these cells. Transport assays carried out
on filter-grown Z310 cell monolayers show TfR-dependent
bidirectional transcytosis of Tf (Fig. S1 C), consistent with
prior in vivo studies on Tf transport at the BCSFB (28,29).
To image the 3D intracellular trafficking pathways of
Tf bound to TfR in our model system, QD-labeled Tf has
been used throughout the studies. To minimize the presence
of multivalent (biotimylated) Tf bound to streptavidin-
coated QDs that might perturb the Tf trafficking pathway,
a two-step procedure to label Tf molecules with QD on
the cell surface was developed (see Materials and Methods).
The cells were incubated with a low concentration (1.25–
2.5 nM) of biotinylated Tf on ice, washed, and then incu-
bated with a four- to fivefold lower concentration of QDs
on ice. Of importance, the resulting sparse distribution of
Tf on the cell surface combined with the low labeling ratio
of QD/Tf resulted in QD-labeled Tf that recycles at the same
rate as Alexa 488-labeled Tf (Fig. 1 D).Multifocal plane microscopy
We have introduced an imaging configuration that allows for
fast, multicolor excitation and the simultaneous imaging
at four distinct focal planes (see Methods). Fig. 1 A shows
the principle of MUM, where the fluorescence collected
from the sample is split into different light paths, and each
path contains a detector that is positioned at a specific cali-
brated distance from the tube lens. This enables the simulta-
neous imaging of multiple focal planes within a sample. To
demonstrate that this MUM setup can indeed image single
QDs over significant depths, z-stack experiments showed
QD detection up to a depth of 10 mm (Fig. S2). To ensure
that the QD movement is continuously monitored when itBiophysical Journal 103(7) 1594–1603
1598 Ram et al.traverses an imaging depth of 10 mm, the spacings between
the focal planes were optimized such that QDs were always
visible in one or more planes when they move across the
different focal planes (see Movie S1).
To obtain 3D trajectories of the QDs, the MUM localiza-
tion algorithm MUMLA (15) was modified to enable 3D
localization and tracking across these extended depths
(Fig. S3). For the specific imaging conditions considered
in Fig. S3 A, the z-localization accuracy of MUMLA is in
the range of 25–40 nm for the entire tracking depth
(Fig. S3 B). The performance of MUMLA, and in general
the limit of the z-localization accuracy for MUM depends
on several factors such as the expected number of detected
photons, magnification, pixel size, numerical aperture of
the objective lens, etc. (15,30). Of importance, the limit of
the z-localization accuracy can be improved by collecting
more photons from the point source (15,30).FIGURE 2 Intercellular transfer of Tf molecules in Z310 cell monolayer.
Panel A shows the overlay of the segmented plasma membrane channel
(green) and the Tf-QD channel (gray scale) that was acquired from
a live-cell monolayer using a 4-plane MUM setup. Each image in the
montage corresponds to a distinct focal plane within the Z310 monolayer.
The Tf-QD molecule of interest (red arrow) is pseudocolored in blue for
visualization. Scale bar ¼ 5 mm. Panels B and C show the X-Y projection
and the full 3D trajectory, respectively, of the Tf-QD molecule highlighted
in A. The trajectories are color-coded to indicate time. The Tf QD molecule
is initially seen inside one cell (donor). The molecule then moves toward
the lateral plasma membrane and undergoes exocytosis. The molecule is
then immediately endocytosed by the adjacent cell (recipient) in the mono-
layer. The internalization occurs through the sliding mode of endocytosis in
the recipient, which is consistent with the long-range intracellular transport
observed for this molecule (see Movie S2).Intercellular transfer of Tf-QD molecules between
adjacent cells
Using MUM we have tracked the 3D dynamics of Tf-QD
molecules across different depths in a live-cell monolayer.
A total of 224 cell data sets were analyzed for this study.
We have discovered a cellular process of intercellular trans-
fer (n ¼ 28 events), in which exocytosis of a Tf-QD mole-
cule from one cell (donor) is followed by endocytosis of
the same Tf-QD molecule by the adjacent cell (recipient)
in the monolayer (Fig. 2, Movie S2). The Tf-QD molecules
can travel a significant distance, i.e., up to depths of 2–6 mm
(n ¼ 13 events), in the recipient cell in a highly directional
manner. A distinguishing feature of intercellular transfer is
that the Tf-QD molecule has a very short residence time
(<1s) on the plasma membrane before being internalized
into the recipient cell (see Table S1). Interestingly, clathrin
staining of the cell monolayer led to the frequent observa-
tion of paired clathrin spots on apposed cells (Fig. 3).
Combined with the knowledge that clathrin can be involved
in both endo- and exocytosis (31,32) and the significant
colocalization between clathrin and Tf in Z310 cell mono-
layers (Fig. S4 A), this suggests that these are sites for inter-
cellular transfer.Role of intercellular transfer in Tf transport
We hypothesized that intercellular transfer is a mechanism
to retain cargo within the monolayer. Because cell-cell
contact is implicitly required for intercellular transfer, we
investigated whether this process could affect the transport
properties of a cell-monolayer by examining the retention
of Tf in Z310 cells at different levels of confluence. We
found that as the confluence increases from sparsely distrib-
uted cells to a tight monolayer, the cell-associated levels of
Tf increase (Fig. 1 D). In a confluent monolayer, the pres-
ence of cell-cell contacts would favor intercellular transfer.Biophysical Journal 103(7) 1594–1603Hence, Tf molecules are retained in cells in the monolayer
for longer periods of time than in sparsely distributed cells,
where the absence of cell-cell contacts allows faster release
of Tf from the cells.Tf exo/endocytosis with long plasma membrane
residence time
By contrast with the endocytic events seen in intercellular
transfer in which Tf-QD molecules exhibit brief plasma
membrane residence following an exocytic event, we also
observe endocytosis (Fig. 4, Movie S3 and Movie S4) where
before internalization Tf-QD molecules are on the lateral
plasma membrane for extended periods of time (~6–20 s;
n ¼ 47 events; see Table S1). In none of these events did
FIGURE 3 Clathrin distribution in a Z310 cell monolayer. The figure shows the image of a Z310 cell monolayer that was labeled with Cholera Toxin B
(green) and stained with an antibody against clathrin heavy chain (red). The boxed region (yellow box) in the overlay image shows a single cell in the mono-
layer. Numerous clathrin-coated structures (white and blue arrows) can be seen to be budding out from the plasma membrane. In some cases, we see paired
clathrin spots (blue arrows), i.e., structures that are on the apposing plasma membranes of adjacent cells and face each other. Scale bar ¼ 5 mm.
Intercellular Tf Transfer 1599exocytosis of the Tf-QD molecule from the adjacent cell
occur before its long plasma membrane residence over the
duration of imaging. In Fig. 4, the Tf-QD molecule moves
randomly on the lateral plasma membrane that is character-
istic of receptor-bound cargo on the cell membrane (15).
After endocytosis the Tf-QD molecule moves in a highly
directional manner toward the cell interior.
We also imaged exocytic events (n¼ 10 events) where the
Tf-QD molecule persists on the lateral plasma membrane
after exocytosis that are not followed by (i.e., within 1 s)
endocytosis in an adjacent cell (Fig. S5, Movie S5, see Table
S1). Here, the Tf-QD molecule traffics from the cell interior
in a highly directional manner and merges with the lateral
plasma membrane. In relatively rare events (2 out of 10
events), exocytosis of a Tf-QD molecule, which is then re-
endocytosed in the same cell within 1 s was also detected
(Fig. S6, Movie S6).3D dynamics of Tf-QD molecules along the exo/
endocytic pathway
Tf-QD molecules on the exo/endocytic pathway exhibit
distinct intracellular 3D trajectories, allowing endo- and
exocytosis to be classified into orthogonal and sliding
modes. In the orthogonal endocytic mode (n ¼ 40 events),
the Tf-QD molecule moves perpendicular to the plasma
membrane after internalization (Fig. 4, A–C, and Movie
S3). In many cases (16 out of 40 events), the Tf-QD mole-
cule rapidly traffics toward an intracellular structure that
contains numerous Tf-QD molecules (Movie S3). This
structure is presumably an endosomal compartment.
In the sliding endocytic mode (n ¼ 35 events), the Tf-QD
molecule moves parallel to and in close proximity to theplasma membrane in a highly directional manner after inter-
nalization (Fig. 4, D–F, Movie S4). In addition to trafficking
to an endosomal compartment (10 events), some of the Tf
molecules undergoing sliding endocytosis exhibit long-range
motion across the depth of the monolayer (8 events, Movie
S4). In the latter case, the final destination of the Tf-QD
molecules could not be ascertained as they did not merge
with any Tf-QDþ structure inside the cell. These Tf-QD
molecules displayed uninterrupted movement and departed
from the effective viewing depth of the MUM setup, indi-
cating that these molecules are on the transcytotic pathway.
Analogous to endocytosis, we observe orthogonal and
sliding modes in the exocytic pathway (Fig. S5 and
Fig. S6), where the Tf-QD molecule moves from the cell-
interior and then either merges with the lateral plasma
membrane or moves parallel to and in close proximity to
the lateral plasma membrane before merging with it. Of
38 exocytosis events analyzed, 16 events are of the sliding
type and 22 are of the orthogonal type.DISCUSSION
Intracellular trafficking pathways are known to play an
important role in regulating macromolecular transport.
However, to date, efforts to understand these pathways
have been limited due to the lack of cellular imaging
approaches that enable rapid 3D imaging of these pro-
cesses. Here, we have implemented a MUM configuration
that enables the 3D tracking of single Tf-QD molecules
in a 10 mm thick live epithelial cell monolayer. This in
turn has allowed us to delineate different spatiotemporal
dynamics of cellular events, which is not possible through
ensemble measurements.Biophysical Journal 103(7) 1594–1603
FIGURE 4 Different modes of endocytosis from the lateral plasma membrane. Panels A and D show the overlay of the segmented plasma membrane
channel (green) and the Tf-QD channel (gray scale) that was acquired from a live-cell monolayer using a 4-plane MUM setup. Each image corresponds
to a distinct focal plane within the Z310 monolayer. The Tf-QD molecule of interest (red arrow) is pseudocolored in blue for visualization. Panels B
and C (panels E and F) show the X-Y projection and the full 3D trajectory, respectively, of the Tf-QD molecule highlighted in A (D). Panels A–C
shows the results for the orthogonal mode of endocytosis. Here, the Tf-QD molecule (red arrow) is initially seen to be randomly diffusing along the
lateral plasma membrane and the internalization step is characterized by QD movement that is perpendicular to the lateral plasma membrane (see panel
B). Panels D–F shows the results for the sliding mode of endocytosis. Here also, the molecule is initially seen to be on the plasma membrane but exhibits
limited movement. The internalization step is characterized by long-range movement in close proximity to the plasma membrane (see panel E). Panels A
and D are individual frames taken from Movies S3 and S4, respectively. Scale bar ¼ 5 mm. The trajectories in panels, B, C, E, and F are color-coded to
indicate time.
1600 Ram et al.The results presented here emphasize the importance
of using single-molecule approaches to investigate cellular
dynamics, especially in thick cellular samples. Imaging
approaches that study cellular events in bulk suffer from
averaging effects and therefore cannot probe the heteroge-
neous nature of trafficking processes. Moreover, the 3D
visualization and tracking of some processes such as protein
transport across significant depths may be problematic due
to the presence of a large amount of fluorescent signal in
the cell sample, which typically overwhelms the signal
from the event of interest. Single-molecule approaches, on
the other hand, offer the selectivity and sensitivity to visu-
alize fast cellular dynamics in 3D. In the current study,
the implementation of MUM to analyze single molecule
behavior in thick cell samples has enabled the identification
of cellular processes such as intercellular transfer. Further-
more, we have analyzed the heterogeneity of the endo-
cytic/exocytic pathways at the lateral plasma membrane.
This approach has also allowed the 3D imaging of events
along the transcytotic pathway, which has to date been
limited to electron microscopy techniques (32) that lack
dynamic information on cellular processes.Biophysical Journal 103(7) 1594–1603The development of 3D single molecule tracking tech-
niques has primarily focused on the accurate 3D localization
of single molecules (9–12). Although this is critical for
conferring 3D tracking capability, these approaches have
overlooked other considerations that are important for 3D
tracking within a cellular context. Classical z-stack imaging
approaches (33) that sequentially image one focal plane at
a time are relatively slow and are therefore unsuitable for
the analysis of fast 3D cellular events such as intercellular
transfer. Confocal/two-photon techniques (10,12) that track
particles by scanning a focused spot can cover a depth of
10 mm, but cannot reliably track the particle of interest if
it gets close to other particles, which frequently occurs in
a cellular environment as seen here. Moreover, these tech-
niques do not image the cellular environment, which we
have shown to be important for identifying cellular events
such as endocytosis/exocytosis. Techniques that make use
of depth encoding schemes (9,11) have tracking depths of
2–4 mm and significantly altered point spread function
profiles. These limitations make the visualization of the
cellular environment a challenge even if substantial postpro-
cessing of the data is carried out. The MUM setup reported
Intercellular Tf Transfer 1601here therefore represents a major advance in 3D cellular
imaging and 3D single molecule tracking technology that
overcomes these limitations.
The use of QDs, which are bright and photostable fluores-
cent labels, has been essential in our studies, as it has
enabled the visualization of the trajectories of single Tf
molecules for extended periods of time (~ minutes). This
would not be possible with single fluorescent proteins/
dyes, because they not only photobleach within a few
seconds, but are also significantly less bright than QDs.
Consequently, the detection of these fluorescent proteins
and dyes is problematic, and this is exacerbated in thick
cellular samples. Moreover, estimating the 3D position of
these labels becomes a major challenge, as the limit of the
3D localization accuracy for MUM exhibits inverse square
root dependence on the expected number of detected
photons (15,30). In our experiments, some of the images
detected less photon from the QDs due to the blinking
behavior of these labels. However, QD blinking was
relatively infrequent especially when the QD was inside
the cell. As a result, this did not significantly affect the
ability to detect or track in 3D the cellular events studied
here.
Our observations of the rapid transit of Tf molecules
across adjacent lateral plasma membranes during intercel-
lular transfer and the subsequent long-range transport in
the recipient cell highlights the spatio-temporal complexity
of cellular events in an epithelial cell monolayer. An impor-
tant question arises as to what are the functions of intercel-
lular transfer? Protein trafficking has classically been
modeled at epithelial cell barriers in terms of three funda-
mental processes (3,4), i.e., internalized cargo such as Tf
is either recycled (Fig. 1 B), transcytosed (Fig. S1), or
degraded. Through intercellular transfer, Tf molecules en-
docytosed by the recipient cell would be treated as nascent
cargo, allowing them to persist in that cell until they are re-
cycled or transcytosed. Therefore, we propose intercellular
transfer to be another cellular process, which could play
an important role in regulating protein transport in polarized
epithelia by facilitating the gradual release of receptor-
bound cargo from cells.
Intercellular transfer might also play a role in transcellu-
lar transport. It has been reported that only a small fraction
of the choroid-plexus epithelial cells, which form the
BCSFB, are active in transporting cargo across the barrier
(34). Thus, intercellular transfer might also be a sampling
mechanism to identify the cellular environment that is
permissive for transcytosis, consistent with our observation
of long-range transport of Tf-QD molecules in the recipient
cell (Fig. 2).
Are the Tf molecules that undergo intercellular transfer
iron-loaded (holo) or iron-free (apo), and why does the
exchange of Tf molecules occur rapidly? If Tf is of the
apo form, the recipient would then have to rely on fluid-
phase endocytosis to mediate the rapid uptake of Tf, whichis unlikely given the poor pinocytic activity exhibited by the
choroid plexus epithelial cells (16) (see also Fig. S4 B). It
has been reported that these epithelial cells are capable of
releasing iron-loaded Tf (29), suggesting that the Tf mole-
cule undergoing intercellular transfer is likely to be of the
holo form. The fast transfer of Tf molecules during intercel-
lular transfer would also be consistent with this concept; as
such transfer minimizes the exposure of Tf to the extracel-
lular space containing numerous free, competing holo-Tf
molecules. This also lends support for the suggestion that
intercellular transfer occurs at the site of paired clathrin
spots on the lateral plasma membranes of apposed cells
(Fig. 3). These structures could act as a conduit to assist
in receptor-mediated endocytosis of Tf in the recipient
cell, which would be consistent with prior observations
demonstrating a requirement for clathrin in internalizing
cell surface receptors from the plasma membrane of an adja-
cent, contacting cell (35,36).
Recent studies have revealed novel mechanisms of cell-
cell communication involving tunneling nanotubes (37,38)
and exosomes (39). These processes mediate long-range
transport between cells that are not in contact with one
another and are relatively slow (~102–103 s). In addition,
the transfer of plasma membrane receptors between adja-
cent, contacting cells has been reported, for example, in
leukocytes (40) and in tumor cells (36,41,42). The intercel-
lular transfer that we observe is spatially and temporally
distinct from these processes, because it occurs over a
very fast time scale (t < 1 s) and involves rapid exchange
of internalized cargo between adjacent cells in a polarized
cell monolayer.
The use of total internal reflection fluorescence micros-
copy has afforded excellent sensitivity to study endo/exo-
cytic dynamics near the plasma membrane proximal to
the coverslip (43,44) even at the single molecule level
(45,46). However, the shallow excitation of total internal
reflection fluorescence microscopy precludes the imaging
of events that occur distal to the coverslip (>200 nm) and
deep inside the cell. Thus, not surprisingly, 3D imaging of
endocytosis (exocytosis) at the lateral plasma membrane,
which extends several microns above the coverslip in
polarized epithelia, has remained elusive. The use of
MUM has enabled us to carry out a detailed characterization
of exo/endocytosis at the lateral plasma membrane, based
on plasma membrane residence time and intracellular
trajectories.
Prior studies have shown that the early sorting and traf-
ficking of different cell-surface receptors is predetermined
at the endocytosis step (47), possibly due to the diversity
of the endocytic adaptor proteins that can associate with
these receptors (48). Our observation of the distinct intracel-
lular itineraries in orthogonal and sliding endocytic modes
shows that differential trafficking can in fact occur for the
same receptor, indicating the existence of unique sorting
mechanisms at the lateral plasma membrane. The Tf-QDBiophysical Journal 103(7) 1594–1603
1602 Ram et al.dynamics that we have imaged on the lateral plasma mem-
brane before endocytosis, which range from extensive
motion across multiple focal planes (Fig. 4, D–F), to
restricted movement (Fig. 4, A–C), are consistent with the
presence of free and confined regions at the intercellular
spaces of polarized epithelial cells. Taken together, these
results demonstrate that 3D endo/exocytic dynamics at the
lateral plasma membrane is both spatially and temporally
heterogeneous.
The fast internalization of Tf molecules (t < 1 s) that we
observe in our intercellular transfer and endocytic events is
consistent with other studies that have investigated endo-
cytic dynamics at the single-molecule level in live cells
(12,15). By contrast, time constants in the range of 20–
40 s for clathrin mediated endocytosis have been reported
(49,50). However, it is important to note that in our experi-
ments, we image the clathrin cargo (i.e., Tf-TfR complex)
as opposed to clathrin. Clathrin structures on the plasma
membrane can be dynamic and mobile indicating that a
Tf-TfR complex could therefore become associated with
a clathrin structure and continue to diffuse on the plasma
membrane while the clathrin-coated pit continues to grow.
The apparent discrepancy in internalization rates also under-
scores the importance of using single-molecule techniques
to provide new insights into cellular processes that are inac-
cessible through other approaches.
In conclusion, we have discovered a cellular process of
intercellular transfer in a live epithelial cell monolayer
involving rapid exchange of Tf molecules between two
adjacent cells. We have also carried out a detailed analysis
of Tf endo/exocytosis at the lateral plasma membrane.
Central to all of our studies is the use of the 3D imaging
modality, MUM, which enables fast 3D single molecule
tracking in a 10 micron thick cell monolayer. The current
results provide much needed insight into the 3D intracel-
lular trafficking mechanisms of polarized epithelia. Further-
more, these results underscore the importance of developing
imaging technologies to support the 3D visualization of
rapid cellular events at the single-molecule level.SUPPORTING MATERIAL
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